Controlling the debris from a laser-generated tin plume is one of the prime issues in the development of an extreme ultraviolet lithographic light source. An ambient gas that is transparent to 13.5 nm radiation can be used for controlling highly energetic particles from the tin plume. We employed a partial ambient argon pressure for decelerating various species in the tin plume. The kinetic energy distributions of tin species were analyzed at short and large distances using time and space resolved optical emission spectroscopy and a Faraday cup, respectively. A fast-gated intensified charged coupled device was used for understanding the hydrodynamics of the plume's expansion into argon ambient. Our results indicate that the tin ions can be effectively mitigated with a partial argon pressure ϳ65 mTorr. Apart from thermalization and deceleration of plume species, the addition of ambient gas leads to other events such as double peak formation in the temporal distributions and ambient plasma formation.
I. INTRODUCTION
Currently there is a lot of effort going into the development of a clean and powerful source at 13.5 nm for extreme ultraviolet lithography ͑EUVL͒.
1,2 The wavelength of choice is based on the availability of Mo/ Si multi-layer mirrors that reflect more than 70% of the in-band radiation centered at 13.5 nm with 2% bandwidth. Laser generated plasmas from xenon, 3 lithium, 4 and tin 5 are considered to be strong candidates for an EUVL light source. One of the most important problems encountered with a laser-produced plasma source for EUVL is the debris from the plume. In general, the debris from laser-generated plasma can include energetic ions, neutrals, particulates, and molten droplets. In an EUVL tool, the collector mirror is expected to be placed ϳ15-20 cm from the plasma source. For industrializing EUVL, a lifetime of more than 10 9 shots is needed for the collector mirror. So controlling the debris from laser plasma is the most important task for creating a clean photon source for EUVL. Being an inert gas, laser-produced plasmas from xenon act as a particulate free source, but reported conversion efficiency from xenon is less than 1%. 6 Laser-produced tin plasma is more promising in this context as it provides a higher conversion efficiency than xenon based targets. 7 Conventional solid metal targets, however, can pose extreme debris problems in commercial lithography processes. [8] [9] [10] Mitigation of the debris has been attempted using various methods including tape targets, 11 mass limited droplet targets, 12 the application of electrostatic repeller fields, 10 and magnetic fields. 9 An ambient gas can also be used as a stopper for highly energetic tin ions.
The use of an ambient gas environment for controlling highly energetic particles from a tin plume can be an effective way to mitigate debris. This is a standard method used in pulsed laser deposition ͑PLD͒, where ambient gas species act as a moderator for the energetic plume species during the flight time from target to substrate. 13, 14 Flora et al. 15 and
Bollanti et al. 16 used krypton for controlling debris from a laser-produced Ta plasma and their results showed that the ambient gas significantly reduced the debris at the witness plate. However, a systematic study on the effect of ambient gas on tin plasma dynamics is still lacking. The plume expansion into vacuum is adiabatic 17 and treated well by Anisimov et al. 18, 19 and Narayan and co-workers. 20, 21 Compared to the expansion into vacuum, the interaction of the plume with an ambient gas is a far more complex gas dynamic process that involves deceleration, attenuation, and thermalization of the ablated species, as well as the formation of shock waves. [22] [23] [24] [25] [26] [27] Recent measurements performed over a wide range of expansion durations have demonstrated a fairly complicated gas dynamic picture of plume ambient gas interaction. This is characterized by different propagation phases and is accompanied by plume oscillations arising at rather high background pressures. 28, 29 Still, a comprehensive modeling analysis of the expansion dynamics of the laserablated plume in an ambient is missing because of the many complex nonlinear processes occurring during the expansion. It is well known that most gases absorb EUV radiation around 13.5 nm even at moderate pressures. So care must be taken in selecting a proper ambient environment for an EUVL source setup. Hydrogen, helium, and argon gases provide exceptionally good transmission to 13.5 nm compared to other gases. Being lighter in mass, a hydrogen or helium ambient environment may require higher pressures to control energetic tin ions and other particulates emanating from a laser-produced tin plasma. At a particular pressure, being heavier, argon ͑atomic weight= 40 amu͒ is expected to be more effective for slowing down the energetic ions and atoms in comparison with hydrogen or helium ambient. Because of this reason we used argon gas as an ambient for controlling the various species from the tin plasma. The pho-toabsorption cross section for argon at 13.5 nm is 2.08 ϫ 10 4 cm 2 /g. 30 X-ray transmission studies showed that more than 90% of the 13.5 nm radiation is transmitted for a path length of 20 cm when the argon pressure is less than 120 mTorr.
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The mass stopping power S in its simplest notation based on Bethe-Bloch formula can be written as
where Z 1 and Z 2 are the atomic numbers of projected species and target atoms, respectively; ␤, the relative particle velocity ͑v / c͒; k = 0.3071/ M 2 and having a unit of keV/ ͑mg/ cm 2 ͒, where M 2 being the mass of the target, and L ␤ is the dimensionless "stopping number." The stopping number is expressed in power series of Z 1 and used for adding corrections to the basic two-particle energy loss process and k represents the energy loss per mg/ cm 2 of the target transited. An estimate was made of the mean projected length of tin ions at different argon ambient pressures based on the popular Monte Carlo simulation program the stopping range of ions in matter ͑SRIM͒.
33,34 Figure 1 shows the theoretical calculation of the flight range of tin ions with different values of starting energies propagating into an argon ambient gas with various pressure levels. It shows that with a 100 mTorr argon pressure, the ions with kinetic energies ഛ5 keV can be effectively stopped before reaching the collector mirror. The flight range estimations with helium and hydrogen gases showed that a helium pressure of about 625 mTorr and a hydrogen pressure of 775 mTorr are necessary to provide similar stopping power obtained with 100 mTorr of argon. Under these pressure conditions helium is found to be more absorptive to 13.5 nm radiation than argon at 100 mTorr. In fact, hydrogen at 775 mTorr is more transparent to in-band radiation than 100 mTorr argon. But being heavier in mass, argon is expected to control heavier cluster debris from the tin plasma than hydrogen ambient. A comparative experimental study with argon, helium, or hydrogen as buffer gas is necessary to obtain more insight in this context.
In this paper, time and space resolved optical emission spectroscopy is employed to reveal the velocity distribution of different species ejected during tin laser ablation in the presence of argon ambient at distances up to 25 mm from the target surface. Such temporally and spatially resolved high resolution spectroscopic studies are helpful for understanding the evolution of the tin plume in the presence of an ambient gas. The kinetic distributions of ions and electrons at greater distances are studied using a Faraday cup. Our results indicate that energetic tin ions emanating from the plume can be stopped with a partial argon pressure of ϳ100 mTorr. However, the insertion of an ambient gas leads to the creation of ambient plasma. This is caused by the collisional excitation and ionization of ambient gas species when it interacts with transient expanding plasma. Temporal profiles of ambient plasma species were recorded to characterize the mechanism involved in the ambient gas excitation and ionization. We also utilized two-dimensional ͑2D͒ gated photography for studying the spatial behavior of the tin plasma expansion into an argon buffer ambient.
II. EXPERIMENTAL DETAILS
The schematic of the experimental setup is given in Fig.  2 . 1064 nm, 10 ns ͓full width at half maximum, ͑FWHM͔͒ pulses from a Nd:yttrium aluminum garnet ͑YAG͒ laser were used to create tin plasma in a stainless steel vacuum chamber. The vacuum chamber was pumped using a cryogenic pump and a base pressure of ϳ10 −6 Torr was easily achieved. The laser beam, at normal incidence, was focused onto the target using a plano-convex lens to a focal spot diameter of 60 m. The focal spot at the target surface was measured using an optical imaging technique and remained unchanged during the experiment. A 2 mm thick tin target in the form of a slab was translated to provide a fresh surface for each shot to avoid errors associated with local heating and drilling. The beam energy was monitored using a thermal surface absorbing energy meter ͑Ophir, Model 30A͒. The light emitted from the luminous plasma was transmitted though a quartz window mounted orthogonally to the direction of plume expansion. An optical system was used to image the plasma plume onto the entrance slit of a 0.5 m Czerny-Turner spectrograph ͑Acton Pro, Spectra-Pro 500i͒ so as to have one-to-one correspondence with the sampled area of the plume and the image. By translating the optical system along the direction of target normal, spatiotemporal information about the plume's emission could be detected. One of the exit ports of the spectrograph was coupled to an intensified charged coupled device ͑ICCD͒ ͑PI MAX Model 512 RB͒ and the other exit port was coupled to a photomultiplier tube ͑PMT͒. The ICCD was operated with vertical binning of the CCD array to obtain spectral intensities versus wavelength. A programmable timing generator ͑PTG͒ was used to control the delay time between the laser pulse and the detector system with an overall temporal resolution of 1 ns. The spectrograph was equipped with three gratings: 150, 600, and 2400 g / mm. The effective dispersions with 150, 600, and 2400 grooves/ mm were 12.6, 3.1, and 0.6 nm/ mm, respectively. For time resolved studies of a particular species in the plume, the specific emission lines were selected by tuning the grating and imaging onto the slit of the PMT. Recording the temporal profiles was accomplished by coupling the output of the PMT to a 500 MHz digital phosphor oscilloscope ͑5 GS/ s, Tektronics TDS 5054B-NV͒. The ion and electron emissions have been also monitored using a Faraday cup ͑Kimball Physics Inc.͒ placed at a distance of 15 cm from the target surface and at an angle approximately 12°with respect to the target normal. The ion and electron currents were measured by acquiring the voltage signal across a load resistor by a 500 MHz digital phosphor oscilloscope.
Plume imaging was accomplished with an ICCD camera placed orthogonal to the laser beam. A Nikon lens was used to image the plume region onto the camera to form a twodimensional image of the plume intensity. The visible radiation from the plasma was recorded integrally in a wavelength range of 350-900 nm.
III. RESULTS AND DISCUSSION

A. Time of flight studies
Optical emission spectroscopic studies showed that most of the species emitted by laser-produced tin ablation plumes in the present experimental conditions are singly ionized tin species along with excited neutrals. 35 Although the dominant species during EUV emission are Sn 8+ -Sn 13+ , recombination reduces the charge state significantly in the late-stage plume evolution. To elucidate the influence of an ambient gas environment on various species in the plasma plume, time of flight ͑TOF͒ profiles were taken at different distances from the target surface. TOF studies of the plume give vital information regarding the time taken by a particular state of the constituent to evolve after the onset of plasma. This technique gives details on the velocity and hence kinetic energy of the emitted particles and parameters that are of fundamental importance in establishing the mechanisms responsible for the particle emission. 36, 37 Optical TOF profiles of various transitions at 335.2 nm ͑Sn + , 5p 2 2 D-3f 2 F 0 ͒ and 317.5 nm ͑Sn, 5p6s 3 P 1 0 −5p 23 P 2 ͒ at different distances from the target surface were investigated. TOF data often can be represented by a shifted Maxwell-Boltzmann ͑SMB͒ distribution with a center of mass shifted streaming velocity given by
where A is the normalization parameter, and 0 are the velocities of the species and center of mass velocity, T is the translational temperature, k is the Boltzmann constant, and m is the mass of the species. The SMB distribution assumes that the speed distribution has equilibrated after propagating a short distance from the target surface, and that the signal is a direct measure of the concentration of the indicated species. Figure 3 gives the TOF profile recorded for Sn species at 7 mm from the target surface in vacuum. A laser irradiance of 4 ϫ 10 11 W cm −2 was used for all measurements. The selection of this laser irradiance is based on the fact that our EUV spectroscopic studies showed the unresolved transition array ͑UTA͒ around 13.5 nm from tin plasma to peak at this intensity level using a 60 m spot size. 38 The figure indicates that the SMB fit is in relatively good agreement with the experimental observed TOF curve.
The addition of ambient gas usually affects the kinetic distribution of all species in the plume because of plumebuffer interactions. Gas phase collisions can transform the initial temporal distributions into a very different final distribution. Typical TOF profiles recorded for Sn + and Sn at various locations in the plume in a direction perpendicular to the target surface at an argon pressure of 100 mTorr are given in Figs. 4 and 5, respectively. The time evolution of the spectral emission profiles obtained at 100 mTorr of argon clearly reveals that the Sn + species ejected by the tin plume exhibits a FIG. 3. ͑Color online͒ Intensity variation of spectral emission with time for Sn species ͑317.5 nm, 5p6s 3 P 1 0 −5p 23 P 2 ͒ recorded at 7 mm from the target surface. The measurements were done in vacuum and a laser power density of 4 ϫ 10 11 W cm −2 was used. The solid line represents a SMB fit. ͑The fitting parameters are 0 =150 m/s, kT =36 eV͒.
twin-peak TOF distribution. The twin-peak distribution is observed only beyond a certain distance from the target. At distances very close to the target surface ͑Ͻ4 mm͒ the temporal profiles are characterized by a single peak distribution. The reason for the occurrence of a twin peak will be discussed in the later sections.
The R-t ͑distance-time͒ plots drawn for Sn and Sn + species recorded in vacuum and 100 mTorr argon pressure are given in Fig. 6 ͑Pk1 and Pk2 are designated as faster and slower Sn + peaks͒. For obtaining a R-t plot, the time corresponding to peak signal intensity is used. In vacuum, the arrival time of both neutral and ionic species exhibited a nearly linear dependence over the whole range of distances for which emission could be detected. The estimated expansion velocities of the Sn + and Sn species were 1.8± 0.1 ϫ 10 6 cm/ s ͑200 eV͒ and 8 ± 0.3ϫ 10 5 cm/ s ͑40 eV͒ in vacuum. In a laser-produced plasma, the ions typically have higher kinetic energies than neutrals, since their expansion is influenced by the space charge effect in addition to pressure gradients. 39 The presence of energetic neutrals was also observed in the plume due to recombination of energetic ions. 40 The addition of ambient gas can affect the dynamics of various species in the plume. With increasing pressure, due to the enhanced collision with the background gas species, slowing of the plume species occurs. Thus, the ambient gas acts as a retarding medium, slowing the plume development and bringing the ion energy closer to the energy of excited neutral atomic species in the plasma. In the presence of 100 mTorr of argon, Pk1 and Pk2 of Sn + followed R ϰ t and R ϰ t 0.54 dependence, while the neutral Sn species followed R ϰ t 0.78 . In vacuum, the temporal profiles of Sn + species are described by a single peak distribution. In the presence of the ambient gas, the dynamics of the plume is governed by the nature and pressure of the buffer gas. R-t plots obtained from TOF profiles ͑Fig. 6͒ indicate that at 100 mTorr argon pressure, the kinetic properties of both Sn + ͑Pk2͒ and Sn species are largely affected at distances ജ6 mm. It shows at shorter distances that the plasma pressure is so high that the background gas species have a negligible effect on the plume expansion dynamics. The deceleration begins when the plume dimensions become comparable with the mean free path ͑mfp͒ of the ablated species. ͑mfp ϳ4 mm estimated using the equation given in Ref. 11͒. Based on the modeling of Westwood 41 of the scattering of sputter atoms by an ambient gas, a Sn atom in collision with an argon atom changes its direction by Ϸ16°and loses Ϸ40% of its kinetic energy.
The estimated stopping distance using SRIM for Sn ions at 100 mTorr with an initial energy of 200 eV showed 2. 24 consider the collision of the plasma. So the effective experimental stopping distance may be different compared to SRIM analysis. It is interesting to note that Pk1 of Sn + species observed with 100 mTorr argon pressure propagates without much attenuation. It shows that these species penetrate into the ambient environment without loosing their energy. The estimated expansion velocity of fast moving Sn + species is 3.2± 0.1ϫ 10 6 cm/ s which corresponds to a kinetic energy of 650 eV.
We observed a peculiar double peak structure in the temporal profiles of the Sn + species. The dual peak structure is observed only above a certain distance from the target surface ͑Ͼ4 mm͒. In fact, the occurrence of multiple peak structures in TOF emission profiles is not new and was observed previously by several groups and discussed thoroughly in the literature. 37, [42] [43] [44] [45] We recently reported plume splitting in a laser created aluminum plasma expanding into an ambient air environment where gas phase collisions transformed the initial temporal distribution into a very different final distribution. 29 We distinguished three distinct pressure regimes using fast photography, each of which is characterized by particular behavior of the plume. At low pressure or in vacuum, the plume expands freely without any external viscous force. At intermediate pressure levels ͑transition regime͒, the plume is characterized by strong interpenetration of the plasma species and background gas that leads to plume splitting and sharpening 28 and at high-pressure levels, the plume eventually stops and particles become thermalized. Recently, Amoruso et al. 25 also identified three similar pressure regimes experimentally and Itina et al. 26 numerically studied this phenomenon. In the transition regime a part of the plume penetrated into the ambient gas with vacuumlike expansion and another division of the plume species decelerated after interaction with ambient gas that lead to plume splitting.
The plume splitting phenomena were first observed by Geohegan 46 and Geohegan and Puretzky 47 in laser-produced ytrrium barium copper oxide ͑YBCO͒ plasma expansion into oxygen ambient and later Wood et al. 48 explained these phenomena based on a combination of multiple elastic scattering and hydrodynamic formulations.
In the present experiment, the presence of ambient gas initiated a faster component of Sn + that were found to move with much higher velocities than plume expansion into vacuum. Usually, plume splitting behavior is characterized by the occurrence of a delayed component which appears at higher-pressure levels above a specific distance whose dynamics are strongly dependent upon the pressure of the ambient gas.
In order to check more aspects of the double peak formation and its pressure dependence, temporal profiles of Sn and Sn + were recorded at different argon pressure levels. Representative TOF profiles for Sn + species recorded at a distance of 10 mm from the target for various argon pressures are shown in Figs. 7͑a͒ and 7͑b͒. With increasing pressure, the lifetime of all the species increases as evidenced by a long tail. At low pressures or in vacuum the temporal profiles of Sn + species are described by a single peak distribution. As the pressure increases, the temporal distribution of excited Sn + changed to a twin-peak distribution. With increasing pressure the arrival time of the delayed peak increases while the intensity of the faster peak drops and disappears above certain pressure levels. Hence the double peak distribution existed only in a pressure range ͑30-300 mTorr͒. It indicates that argon ambient plays an important role in the formation of the faster peak.
Variation of time delay for the peaks Pk1 and Pk2 of Sn + along with Sn species with respect to argon ambient gas pressure ͑distance of 10 mm͒ is given in Fig. 8 . It shows that the excited neutral Sn and slower peak of Sn + species move with a constant velocity until the pressure ϳ60 mTorr while the braking effect of the ambient gas starts above this pressure range. It must be remembered that these properties strongly depend upon the distance from the target surface. At high pressures, due to enhanced collisions with the background gas species, the deceleration process is very rapid. We also noticed that at larger pressures ͑Ͼ600 mTorr͒ the decay of the Sn + species transformed into other delayed components showing plume splitting phenomena. Plume splitting phenomena in the presence of high background gas pressures, as described previously, have been seen and reported
FIG. 7. ͑Color online͒ Representative TOF profiles for Sn
+ species recorded at a distance of 10 mm from the target for various argon pressures are given.
by several groups. 42, 45 This happens when a collection of species escapes without much collision with ambient gas and the bulk of the species undergoes numerous collisions and hence decelerates to form a delayed component.
With 100 mTorr argon, most of the species in the plume were considerably slowed down even within 25 mm from the target surface. But we need to know the kinetic energy distributions of the ions at distances ϳ15 cm from the target where the collector mirror is expected to be placed in an EUVL setup. Since most of the plume species are not emitting at large distances, optical TOF emission is not a valuable diagnostic tool for measuring kinetic distributions at distances greater than 25 mm. A Faraday cup or electrostatic analyzer should be useful for measuring the kinetic energies of various species at higher distances.
We utilized a Faraday cup for measuring the kinetic distributions of tin ions. The Faraday cup is placed ϳ15 cm away from the target surface and at an angle approximately 12°with respect to the target normal. Typical TOF profiles recorded at the collecting plate are given in Fig. 9 for tin ions in vacuum and 100 mTorr argon pressures. The kinetic energy distribution of tin ions in vacuum is also given in the inset of Fig. 9͑a͒ . Ion TOF profile in vacuum is represented by a sharp prompt peak followed by a broad slower peak. The fast prompt peak in the ion signal is caused by photoelectric effect and can be used as a time marker. The estimated expansion velocity of positive ions is ϳ4.3 ϫ 10 6 cm s −1 . The TOF profiles at 100 mTorr argon showed that most of the ions are quenched before reaching the collector plate. However, as seen in the inset of Fig. 9͑b͒ , in the presence of 100 mTorr Ar, the intensity of the prompt peak becomes significantly higher and broadened temporally with large decay time. This is presumably caused by the presence of ambient plasma excited by prompt electrons in the vicinity of the charge collector system. Figure 10 shows the integrated yield of Sn ions as a function of argon pressure. The total yield has been obtained by integrating the area under the ion profile. It provides an indication of mitigation of ion species with increasing buffer gas pressure. The data show that the ion flux reduces rapidly when the ambient pressure increases from 10 to 50 mTorr. It also indicates that approximately 65 mTorr argon pressure is enough for mitigation of tin ions if the collector mirror is placed around ϳ15 cm from the target surface.
B. Ambient plasma effects
Time of flight spectroscopic studies showed that the faster component of Sn + is transmitted through low-pressure argon ambient with little or no delay similar to vacuumlike 
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expansion. This peak existed only within a pressure range of 30-300 mTorr. The exact mechanism for the formation of the faster kinetic peak of Sn + in the presence of moderate argon ambient gas is still unclear. TOF profiles of ions recorded using a Faraday cup also showed a large intensity increase in the prompt signal in the presence of 100 mTorr ambient argon even though most of the delayed component was quenched. This may be caused by the presence of ambient plasma. To verify this aspect, optical emission spectroscopic studies of tin plasma in the presence of argon buffer were carried out and it showed strong argon emission lines along with tin line emission. Typical spectra from tin plasma recorded at 5 mm from the target for different times after the onset of plasma are given in Fig. 11 . The gating used for recording the spectra was 30 ns and the delays after the onset of plasma formation were 0 ns ͓Fig. 11͑a͔͒ and 200 ns ͓Fig. 11͑b͔͒, respectively. Various emission lines due to argon buffer are marked in the figure. The spectral features showed emission due to singly ionized argon lines that appear even before the arrival of the tin plasma emission at 5 mm. At 5 mm, the tin ionic and atomic lines appear 80 ns after the onset of plasma formation. It indicates that the laser plasma from tin is preceded by partially ionized ambient gas plasma. The argon line emissions also appeared along with tin plasma emission at later times caused by bulk plasma excitation.
To gain more insight, we performed space and time resolved spectral emission studies of argon ions at 480.6 nm ͑4p
4 P 0 -4s 4 P͒ at different distances from the target surface. Typical temporal profiles of Ar + are given in Fig. 12 recorded at distances of 5 and 10 mm from the target for various argon pressures. Recorded temporal profiles of ionized argon spectral lines exhibited a clear dual peak structure ͑Fig. 12͒. The fast peak that appeared instantaneously after the onset of plasma formation ͑as seen in the spectra͒ is found to be very narrow ͑FWHM of 20-35 ns͒. The slower peak in the argon profile is very broad and caused by bulk plasma excitation. Recently, Saeki et al. 49 investigated the excitation mechanisms of buffer gas in a laser ablation process and they noticed similar fast and slow distributions for excited neon and ascribed due to level-selective excitation. The profiles recorded for ambient argon ions showed that the fast temporal peak existed at very early time regardless of the spatial point from the target surface. The faster peak may be caused by argon gas excitation by prompt electrons formed during the early stages of laser ablation. These initial electrons lead to further rapid accumulation of ions and electrons through electron-impact excitation of argon atoms. 50 To verify the emission of prompt electrons, negatively charged particles were recorded using a Faraday cup. Figure  13 shows the temporal behavior of the electrons obtained with a Faraday cup by biasing it positively. The temporal profiles of negative signals also showed two peaks-a fast kinetic peak, which appeared with very little time delay with respect to the laser pulse ͑caused by prompt electrons͒ and a broader peak that coincides with the bulk plasma emission.
The topic of prompt or fast electrons from a laserproduced plasma is an intriguing field of research. These electrons are generated during the interaction of the laser pulse with the target material and possess high kinetic energies. There exists some controversy on the origin of these prompt electrons during a nanosecond laser-matter interaction. Amoruso et al. 51 observed highly energetic prompt electrons using an electrostatic energy analyzer ͑EEA͒ during excimer laser ablation of an aluminum target and attributed these to two photon photoelectric effects during the laser pulse. Issac et al. 52 observed a similar kinetic distribution of fast electrons using a Langmuir probe during Nd:YAG laser ablation of silver and attributed the phenomenon to laser heated electrons escaping from the interaction volume before the lattice absorbed the energy. Cronberg et al. 53 investigated the fast electrons from laser-produced graphite plasmas using a time of flight spectrometer and suggested that the origin of the high kinetic energies was collisional inverse bremsstrahlung absorption experienced by photoemitted electrons. In nanosecond laser ablation, the electron emission can occur by means of several mechanisms including surface photoelectric effect, volume photoelectric effect, thermionic emission, field emission, plasma formation, etc. Apart from that, the ambient gas species can be ionized by the direct absorption of intense UV and EUV emissions from laser plasma. With an indirect diagnostic tool such as optical emission spectroscopy used in the present experiments, it is very difficult it elucidate the exact mechanism for the formation of prompt electrons. So our aim is limited to the characterization of ambient gas plasma created by prompt electrons and its effect on the expansion dynamics of tin plumes.
The spectral studies showed that most of the ambient plasma line emissions are due to singly ionized argon. The interaction between ambient plasma with the laser created plume is very complex in nature. Recently kinetic modeling studies have been carried out on the interaction between laser-produced lead plasma with argon ambient. 54 There exist several excitation and ionization mechanisms for the creation of argon ions. Since the ionization potential of argon ͑15.8 eV͒ is much higher than that of the first ionization potential of Sn ͑7.3 eV͒, the ionization of gas atoms by charge transfer is not possible. In fact, the first ionization potential of argon is higher than the second ionization potential of tin ͑14.6 eV͒. Moreover, excited argon neutrals possess two metastable levels ͑3p 5 4S 3 P 0,1 0 ͒ and they have high excitation energies ͑11.6 eV͒, which can serve as energy reservoirs. Hence the Penning ionization of Sn ͑i.e., Ar * +Sn → Ar+ Sn + + e͒ can occur. In the present experiment the ambient plasma precedes the bulk plasma. It is probable that these highly excited argon ions can excite and ionize Sn species.
The ion signal measured with the Faraday cup showed an intense peak with short arrival time followed by the prolonged decay in the presence of ambient gas. This is presumably caused by the presence of ambient plasma excited by prompt electrons in the vicinity of the charge collector system. The prolonged decay time of the sharp peak is due to various lifetimes of excited states involved in the argon ion excitation and ionization. This is supported by the fact that the temporal evolution of prompt electron excited Ar + lines ͑first peak͒ showed ͑Fig. 12͒ broader temporal profiles ͑FWHM= 20-35 ns͒ in comparison with the prompt electron signal measured with the Faraday cup ͑Fig. 13͒. It should be remembered that most of the Ar + transitions are characterized by lifetimes ϳ10-25 ns. 55 . The estimated ion velocity using the Faraday cup showed much higher values ͑4.3ϫ 10 6 cm/ s͒ than the measured expansion velocities of Sn + using optical TOF in vacuum ͑1.8ϫ 10 6 cm/ s͒. The higher velocity observed by the Faraday cup may be contributed by highly charged tin ions that are not detectable with visible spectroscopy. This can be understood by considering the plume expansion in the initial stages where electrons strive to overtake the ions resulting in a space charge field that accelerates ions causing higher velocity for highly charged ionic states. It has been reported that ions of the highest ionization state dominate in the direction of maximum emission and that their concentration falls sharply away from the normal. 56 The ions located at the front of the plasma acquire the largest energy during hydrodynamic acceleration and the interaction time for recombination is very much reduced. The addition of ambient gas leads to more efficient electron impact excitation and plasma recombination, which enhances the emission from these species in the plasma. The faster peak of Sn + is expected to be contributed by the recombination of highly charged ions in the presence of ambient gas. The faster peak of Sn + occurs when the argon pressure is greater than 30 mTorr and this kinetic peak disappears when the pressure is around 300 mTorr. The disappearance of a faster kinetic peak of Sn + at higher pressures can be understood by considering the shock wave formation in the plasma-ambient boundary. One of the easiest methods for investigating the hydrodynamics of the plume propagation is using fast photography using an ICCD. 57, 58 It provides two-dimensional snap shots of the three-dimensional plume propagation.
Time sequences of two-dimensional ͑2D͒ images recorded with an ICCD are given in Fig. 14 for 100 and 300 mTorr argon ambient pressures. The gating time used increased progressively from 2 to 20 ns with an increasing delay after the onset of plasma formation. Plume images obtained with the ICCD show that the plasma becomes more collisional when the ambient gas pressure increases from 100 to 300 mTorr. At 100 mTorr, the plume species diffuse into the ambient gas and no sharp boundary is formed. When we increased the argon pressure to 300 mTorr, a compressed region is formed between the expanding tin plasma and ambient gas. Here the transition to a hydrodynamic regime takes place, with the plume acting as a piston on the surrounding ambient environment. This compressed region moves ahead of the plume and generates a shock wave. It FIG. 13 . ͑Color online͒ Time of flight profile recorded using a positively biased Faraday cup placed at 15 cm from the target surface. The sharp peak in the early time is due to prompt electrons and the bulk plasma electrons cause the delayed peak. also leads to enhance emission from the plume front due to excitation and ionization as a result of transfer of plume kinetic energy into thermal energy ͑plume heating͒. The R-t behavior of the shock wave is described by 59 
, where 0 is constant related to specific heat capacity ͑␥͒, E 0 is the amount of energy released, and 0 is the ambient gas density. 29 In the present case, with 300 mTorr argon pressure the plume followed R ϰ t 0.43 dependence that agrees well with the shock model. When a shock boundary is formed between the plume and ambient gas medium, it effectively shields the diffusion of the ambient gas species from the plasma species. The absence of a faster kinetic peak of Sn + above 300 mTorr indicates that the charged ions in the plume front are decelerated and lose their kinetic energy into thermal energy in the plume-ambient boundary.
IV. CONCLUSION
Ion debris mitigation in a laser-produced tin plasma is one of the most important tasks before implementation as an EUVL light source. We attempted to control the Sn ions using an argon buffer. The selection of the inert argon gas is based on the fact that it transmits more than 90% of the in-band radiation centered at 13.5 nm when the pressure is around 100 mTorr. Monte Carlo simulation results showed that with this ambient pressure, the tin species with kinetic energies less than 5 keV could be effectively stopped before reaching the collector mirror in an EUVL source setup. We performed space and time resolved optical emission analysis of various species in the tin plasma to understand the effect of 100 mTorr argon pressures on plume dynamics. Our experimental results have clearly highlighted the influence of ambient argon gas on tin plume kinetics and dynamics even at distances less than 25 mm from the target. Ion TOF profiles and estimated integrated ion yield measurements made with a Faraday cup ͑FC͒ placed at larger distances from the target showed that tin ions can be effectively mitigated with a partial argon pressure without significantly influencing the EUV in-band radiation transmission.
The addition of an ambient gas completely changed the hydrodynamics of the plume expansion. Plasma expansion into a vacuum environment is simply adiabatic and expands freely. At 100 mTorr argon, the kinetic distribution of Sn + species was transformed into a dual peak structure with the addition of a faster component. The analysis of the time evolution of Sn + species shows that the peak splitting effect is observed only beyond a distance of 4 mm from the target in a pressure regime of 30-300 mTorr. This indicates that peak splitting appears at the latter stage of the plume expansion as a consequence of plume-buffer gas interaction. The spectral analysis showed strong emission from the ambient plasma along with tin plume emission.
Time and space resolved studies of ambient argon ions also showed a twin-peak structure. The faster peak, which arrives with a short time delay, was caused by collisional excitation and ionization of the argon species by the prompt electrons ejected during the laser target interaction. A delayed and broad component is also observed and that was excited due to bulk plasma electrons. Although no single piece of data provides decisive proof of the origin of the faster peak of Sn + , all of the evidences coming from various diagnostic tools used in the present study suggest that the faster Sn + peak is formed by the recombination of highly charged tin ions in the presence of ambient gas. The presence of ambient gas leads to more efficient electron-impact excitation and plasma recombination, which enhances the emission from these species in the plasma. The experimental results also show that a combination of various diagnostic tools, viz., optical TOF spectroscopy, ion and electron TOF using a Faraday cup, and ICCD plume imaging, enables us to understand the dynamics of various species in the tin plume at short and large distances from the target surface. 
